The linked IL-4 and IL-13 cytokine genes, which are activated and silenced in T helper (Th) 2 and Th1 cells, respectively, are flanked by the equivalently expressed RAD50 and KIF3A genes. A scan of DNase I hypersensitivity and DNA methylation across Ϸ100 kb of the KIF3A͞IL-4͞IL-13͞RAD50 cluster revealed differences in chromatin structure between Th1 and Th2 cells at the 3 end of the RAD50 gene, a region previously shown to contain a locus control region (LCR) regulating Th2-specific expression of IL-4 and IL-13. Naïve CD4 T cells did not exhibit any DNase I hypersensitivity in this region, but stimulation under either Th1 or Th2 conditions caused rapid development of three hypersensitive sites. An additional hypersensitive site developed rapidly only under Th2 conditions, through a mechanism dependent on signal transducers and activators of transcription 6 (STAT6) but not GATA3. Our data point to a physical separation in the actions of STAT6 and its downstream effector GATA3 during Th2 differentiation: STAT6 directly remodels the RAD50 LCR, whereas GATA3 acts only in the vicinity of the IL-4 gene. We suggest that the RAD50 LCR has a complex and dual role in Th1 and Th2 differentiation, communicating early T cell antigen receptor and cytokine signals to the IL-4͞IL-13 locus in both differentiating cell types.
D
ifferentiation of precursor naïve T cells into mature cytokineproducing cells provides a useful paradigm for studying gene transcription (1) (2) (3) . Differentiation is initiated by stimulation of naïve T cells through the T cell antigen receptor (TCR) and influenced by a large number of genetic and environmental variables including the cytokine milieu (4, 5) . Sustained TCR stimulation in the presence of IL-4 yields differentiated T helper (Th)2 cells, which silence the IFN␥ gene while activating the IL-4, IL-5, and IL-13 genes. Conversely, stimulation of naïve T cells in the presence of IL-12 yields differentiated Th1 cells, which show the opposite pattern of cytokine expression, silencing the IL-4, IL-5, and IL-13 genes but transcribing IFN␥ at high levels upon secondary stimulation (6, 7) . IL-12 and IL-4 act by means of the transcription factors signal transducers and activators of transcription (STAT) 4 and STAT6 (8) . Th2 cells battle parasites and extracellular pathogens and participate in the pathogenesis of asthma and allergic disease, whereas Th1 cells are critical mediators of immunity against intracellular pathogens and have major roles in inflammation and autoimmunity.
The IL-4, IL-5, and IL-13 genes are linked closely in an evolutionarily conserved cytokine gene cluster, which occupies syntenic regions of mouse chromosome 11 and human chromosome 5 (9, 10) . The cluster is located within an Ϸ220-kb genomic region that is highly conserved in all vertebrate species; it includes the noncytokine gene RAD50 and is bounded by genes encoding the kinesin KIF3A and the transcription factor IRF1 (9, 10) . The chromatin changes occurring in the vicinity of the IL-4 and IL-13 genes during Th1͞Th2 differentiation have been analyzed exhaustively (3) . In Th2 cells, the changes include development of characteristic DNase I hypersensitivity (HS) patterns, DNA demethylation, histone hyperacetylation, and increased restriction enzyme accessibility (11) (12) (13) (14) (15) (16) (17) . These changes are initiated rapidly by antigen stimulation but are transient unless maintained and reinforced by concomitant stimulation with the polarizing cytokines. The lineage-specific transcription factors GATA3 and T-bet are critical for Th2 and Th1 differentiation, respectively; when ectopically expressed, these proteins promote expression of the relevant cytokines, suppress transcription of the inappropriate cytokine genes, and mediate many of the chromatin structural changes seen during differentiation (3, 5, 18) .
The in vivo roles of two clusters of Th2-specific HS sites in the IL-4͞IL-13 locus, CNS-1 and CNS-2 (V)͞VA, have been investigated by targeted deletion; both regions were shown to function as strong enhancers in vivo (9, (19) (20) (21) . The functions of selected HS sites also were tested in transgenic mice by coupling them, individually or in combination, to a proximal IL-4 promoter-luciferase cassette that is poorly active on its own (21) . All of the tested regions were capable of enhancing reporter activity in Th2 cells, but all of them, including a ''minilocus'' that contained all of the HS sites in the IL-4 locus, remained subject to position effect variegation (21) . This result suggested that additional cis-elements, lying outside the conventional IL-4 locus, were needed to confer Th2 specificity of cytokine expression and protection from repressive chromatin effects. When a similar approach was used in bacterial artificial chromosome transgenic mice, an Ϸ25-kb region remotely located at the 3Ј end of the RAD50 gene was shown to confer positionindependent, copy number-dependent, and Th2-selective luciferase reporter activity (22) . This characteristic is the defining feature of a locus control region (LCR), a regulatory element with the ability to maintain an open chromatin configuration in its own vicinity and in the vicinity of its regulated genes, even if the transgene that bears it happens to integrate into heterochromatic regions of DNA (23, 24) . However, this element had a relatively local effect, conferring copy number-dependent expression on the neighboring IL-13 and IL-4 genes but not on the distant IL-5 gene.
Here, we have taken an independent approach to identifying putative cis-regulatory elements outside the Th2 cytokine gene cluster. By using systematic DNase I HS mapping in conjunction with a long-range method for identifying heavily methylated regions of DNA, we have scanned a large segment (Ϸ100 kb) of the KIF3A͞IL-4͞IL-13͞RAD50 cluster for chromatin structure differences between Th1 and Th2 cells. We find that the 3Ј end of the KIF3A gene shows no differences in DNase I HS, DNA methylation, and histone H3 modification when naïve CD4 precursor T cells and differentiated Th1 and Th2 cells are compared, whereas the 3Ј end of the RAD50 gene shows striking differences among these three cell types. Both the constitutive and the inducible patterns of DNase I HS in the RAD50 3Ј region differ among naïve, Th1, and Th2 cells; moreover, all of the identified HS sites correspond to regions of high-sequence conservation (Ͼ75%) between mouse and human. We show that during early T cell differentiation, the RAD50 3Ј region is a target for STAT6 but not for GATA3. Our results indicate that STAT6 and GATA3 synergize to influence IL-4͞IL-13 transcription by acting at widely separated regions in the cytokine locus and suggest that the RAD50 3Ј region dynamically influences cytokine transcription, not only at the earliest stages of Th1͞Th2 differentiation but also in fully differentiated cells. DNA Methylation. DNA methylation analysis by Southern blotting using a McrBC titration digest was performed as described (27) .
Methods
Chromatin Immunoprecipitation (ChIP). ChIP was performed as described (28) . Antibodies to dimethyl-H3-K4 and dimethyl-H3-K9 were from Upstate Biotechnology (Lake Placid, NY). A STAT6 polyclonal antibody (M-200) was obtained from Santa Cruz Biotechnology. Primer sequences are given in Supporting Methods, which is published as supporting information on the PNAS web site.
ELISA Analysis of Cytokine Production. ELISA was performed as described in ref. 20 . Primary and biotinylated secondary pairs of antibodies for IL-4 and IFN-␥ both were used at a concentration of 1 g͞ml (Pharmingen).
Retroviral Constructs and Retroviral Transduction.
Control retroviral vector (GFP-RV), GATA3 expression vector (GATA3-RV), and the retroviral infection protocol of activated naïve T cells are described in ref. 29 . The STAT6-VT mutant was constructed as described in ref. 30 , subcloned into the GFP-RV vector, upstream of the IRES-GFP cassette. Retrovirally infected Th1 cells (GFP ϩ ) were sorted by using a MoFlo Cell Sorter (Cytomation, Fort Collins, CO) and cultured for 2 days before cytokine analysis by ELISA.
VISTA Analysis. Human and mouse RAD50 sequence comparison was performed as described in ref. 31 .
Results and Discussion

Chromatin Structure Differences Between Differentiated Th1 and Th2
Cells Extend into the Neighboring RAD50 Gene. We used DNase I HS (11, 13) and McrBC titration (27) to investigate how far the differences in chromatin structure between Th1 and Th2 cells extended in Ϸ100 kb of the KIF3A͞IL-4͞IL-13͞RAD50 locus (Fig.  1) . The expected differences in DNase I HS and DNA methylation (11, 13, 14, 17) were observed within the IL4 gene, in the IL-4͞IL-13 intergenic region, and across the IL-13 gene (data not shown). An Ϸ23-kb region containing the 3Ј end of the KIF3A gene (region B in Fig. 1 A) showed two HS sites in Th1 and Th2 clones as well as in precursor naïve CD4 T cells (Fig. 1B Left and data not shown), indicating no differential chromatin remodeling in this region during Th1 and Th2 differentiation. In the Ϸ16-kb RAD50͞IL-13 intergenic region, DNA methylation differences between Th1 and Th2 cells persisted, but no constitutive or inducible DNase I HS sites were observed (data not shown). Surprisingly, within the RAD50 gene, chromatin structure differences were observed between Th1 and Th2 cells (Fig. 1C ). An Ϸ12-kb KpnI fragment containing the very 3Ј end of the RAD50 gene displayed two HS sites, the RAD50-A site common to resting Th1 and Th2 cells and RAD50-B, a ''Th2-specific'' HS site of much stronger intensity in Th2 cells than in Th1 cells (Fig. 1C Left) . These sites correspond, within 100-200 bp, to two regions that are heavily DNA-methylated only in Th1 cells (Fig. 1C Right) . The differences in chromatin structure were observed in a total of 20 kb at the 3Ј end of the RAD50 gene (region C in Fig. 1 A) ; beyond this region, the differences stopped because region D of Fig. 1 A contained a single common HS site (RAD50-O) and displayed identical DNA methylation patterns in Th1 and Th2 cells (Fig. 1D) .
Primary Th1 and Th2 cells, differentiated for 1 week under polarizing conditions, displayed the same differences in DNase I HS in the RAD50 3Ј region as did T cell clones (Fig. 2) . Surprisingly, stimulation induced new HS sites not only in Th2 cells but also in Th1 cells that have silenced the neighboring IL-13 and IL-4 cytokine genes. Th2 cells displayed a new inducible HS site, RAD50-C, whereas Th1 cells exhibited an inducible HS site at the precise position of RAD50-B (Fig. 2 A and B) .
All four HS sites, RAD50-O, -A, -B, and -C, corresponded well to conserved noncoding sequence (CNS) regions (Fig. 2C) (9) . The high level of evolutionary conservation of the HS sites, their differential development in Th1 and Th2 cells, and the finding that a fragment containing all of the HS sites displays LCR function in transgenic mice (22) indicate that these sites are cis-regulatory elements that influence cytokine expression in differentiating T cells (9, (31) (32) (33) (34) . There are several precedents for the presence of critical cis-regulatory elements within the transcribed regions of neighboring, functionally unrelated but constitutively transcribed genes. Correct maternal imprinting of the insulin-2 and insulin-like growth factor-2 genes, which lie Ϸ100 kb upstream of H19, requires the H19 gene and its flanking sequences (35) . More recently, a CD4 thymic enhancer and LCR was identified in the ISOT housekeeping gene, located Ϸ60 kb downstream of the CD4 promoter (36) . Recruitment of DNA-binding and chromatin-remodeling factors is likely to be the rate-limiting step in a cellular differentiation program; thus, it might be advantageous to place key regulatory elements within regions that are already accessible and transcribed at the basal level, such as H19 for Igf2, ISOT for CD4, and RAD50 for IL-4 and IL-13. Because such genes already would have an open and accessible chromatin structure in the precursor cells, they might not require specific hypersensitive ''marks'' to recruit transcription factors and associated chromatin-modifying enzymes at the earliest stages of lineage commitment. (Fig. 1C Right) , our data point to a process of DNA demethylation and HS site development that is tightly associated with Th2 differentiation and that occurs focally at two highly conserved potential cis-regulatory elements in the RAD50 gene.
We asked how early the HS sites appeared during Th differentiation. Because of the fragility of the nuclei and the highly decondensed state of the DNA immediately after stimulation, 36-48 h is the earliest time that DNase I HS analyses can be performed on activated naïve T cells. All of the RAD50 HS sites developed within this early time period (Fig. 3C) . The RAD50-A and -B sites were observed under both Th1 and Th2 stimulation conditions, whereas RAD50-C appeared only under Th2 polarizing conditions. Pretreatment with cyclosporin A, an inhibitor of the protein phosphatase calcineurin, prevented the formation of all three HS sites, RAD50-A, -B, and -C, in cells stimulated under Th2 conditions (Fig. 3D) . Thus, TCR signaling and calcineurin activation are required to induce appearance of all three HS sites in the RAD50 locus; in addition, IL-4 signaling is necessary for induction of RAD50-C.
We compared the pattern of histone modification at RAD50-B and -C in differentiated Th1 and Th2 cells. One-weekdifferentiated Th2 cells showed significantly higher levels of H3 lysine 4 (K4)-methylation at RAD50-B and -C regions than 1-weekdifferentiated Th1 cells (see Fig. 7A , which is published as supporting information on the PNAS web site); this modification is associated with actively transcribed genes (37, 38) . Conversely, Th1 cells showed high H3-K9-methylation at both RAD50-B and -C (Fig. 7B) ; this modification is associated with gene silencing and binding of heterochromatin-associated proteins (38) . Control experiments confirmed that the IL-4 promoter showed high H3-K4-methylation in Th2 cells, whereas reciprocally, the IFN␥ promoter showed high H3-K4-methylation in Th1 cells (Fig. 7A) ; similarly, the IFN␥ 5Ј enhancer (28) showed higher H3-K9-methylation in Th2 cells that have silenced the IFN␥ gene (Fig. 7B) . Thus, although DNase I HS develops rapidly at the RAD50-B region regardless of which cytokines are present, the histone modifications that eventually characterize this site in differentiated T cells depend on the polarizing cytokine.
Northern and RT-PCR analysis show no correlation between RAD50 transcription and chromatin configuration at the 3Ј end of the gene: Naïve T cells, which do not exhibit DNase I HS at the RAD50-O, -A, -B, or -C regions, clearly express mRNA encoding for RAD50, a protein essential for DNA repair (data not shown). Similarly, the pattern of HS sites and the histone modification status of the RAD50 3Ј region differ in primary Th1 and Th2 cells, but the RAD50 gene is transcribed at similar levels in these two cell types under resting conditions and is equivalently down-regulated upon stimulation (at most a 2-fold difference; data not shown). We conclude that the regulatory activity of the RAD50 3Ј region is not directed toward RAD50 transcription itself, but rather influences the process of Th1͞Th2 differentiation and transcription of the neighboring cytokine genes.
IL-4͞STAT6 Signaling Is Required for Development of the RAD50-C HS
Site, Whereas GATA3 Is Not. We showed that combined TCR and IL-4͞STAT6 signals were essential for early induction of RAD50-C (Fig. 4) . Naïve CD4 T cells from wild-type and IL-4 Ϫ/Ϫ mice were stimulated for 40 h in the presence of neutralizing antibodies to IFN-␥; both IL-4 ϩ/ϩ and IL-4 Ϫ/Ϫ cells developed RAD50-A and -B, but only IL-4 ϩ/ϩ cells developed RAD50-C (Fig. 4A) . Similarly STAT6 Ϫ/Ϫ T cells stimulated under Th2 polarizing conditions did not show appearance of the RAD50-C site observed in wild-type T cells (Fig. 4B) . Sequence inspection and bioinformatics analysis revealed the presence of conserved STAT binding sites in the RAD50-B and -C regions but not in RAD50-A (data not shown). ChIP demonstrated the selective binding of STAT6 to both RAD50-B and -C regions in stimulated Th2 cells (Fig. 4C) . To determine whether STAT6 could directly induce the formation of RAD50-B and -C sites during Th differentiation, we used a constitutively active mutant of STAT6, STAT6-VT (30, 39) , with two alanine substitutions in its SH2 domain, which promote STAT6 dimerization and nuclear translocation in the absence of IL-4 receptor signaling. Naïve CD4 T cells from STAT6 Ϫ/Ϫ mice were isolated, activated for 40 h under Th1 polarizing conditions, and then infected with retroviruses encoding STAT6-VT IRES-GFP (STAT6-VT RV) or an IRES-GFP control (GFP-RV); infection efficiency varied from 30% to 60%. The cells then were rested in culture for 4-5 days in the continued presence of IL-12. Because Th1 cells do not basally display HS site RAD50-B, and because in vitro Th2 differentiation is impaired severely in the absence of STAT6, we were able to assess DNase I HS in the bulk population without sorting for GFP ϩ cells.
Under resting conditions, GFP-RV-infected STAT6
Ϫ/Ϫ Th1 cells displayed only HS site RAD50-A, whereas STAT6-VT RVinfected Th1 cells resembled resting Th2 cells in displaying both RAD50-A and -B (Fig. 5A) . The RAD50-C HS site did not appear under these resting conditions (Fig. 5A) . When the cells were stimulated with PMA and ionomycin, RAD50-B (but not RAD50-C) was induced in the control GFP-RV-infected Th1 cells as expected, whereas RAD50-C was induced only in the cells expressing STAT6-VT (Fig. 5B) . Control experiments confirmed that STAT6-VT RV induced IL-4 expression by Th1 cells, which normally silence this cytokine gene, and also induced appearance of the characteristic DNase I HS sites in the IL-4 gene (data not shown).
The transcription factor GATA3 is up-regulated by STAT6 activation and plays a critical role in Th2 differentiation (40) (41) (42) . Surprisingly, overexpression of GATA3 did not induce formation of the Th2-specific HS site RAD50-C (Fig. 6) . When differentiating Th1 cells from STAT6 Ϫ/Ϫ mice were transduced retrovirally with a GFP-RV or GATA3-RV (infection efficiency 50-70%), both infected cell populations had comparable levels of T-bet expression, indicative of differentiated Th1 cells, but only GATA3-RV-infected Th1 cells showed GATA3 expression by Western analysis (data not shown). Unlike STAT6-VT-expressing cells, which display both RAD50-A and -B under resting conditions and induce RAD50-C upon stimulation, the GATA3-RV-infected cells displayed only RAD50-A under resting conditions (data not shown) and induced only RAD50-B when stimulated (Fig. 6A) . Together, these results show that STAT6, but not GATA3, is involved in induction of the RAD50-C HS site during Th2 differentiation.
In parallel, we compared the ability of STAT6-VT and GATA3
to induce IL-4 expression. Two days after infection with STAT6-VT and GATA3 retroviruses, the transduced GFP ϩ cells were sorted and allowed to expand for an additional 2 days before restimulation and analysis of cytokine production by ELISA (Fig. 6B) . Control GFP-RV-infected STAT6 Ϫ/Ϫ Th1 cells produced high levels of IFN-␥ and negligible levels of IL-4, indicating efficient polarization to the Th1 lineage (Fig. 6B Left) , whereas cells transduced with either STAT6-VT or GATA3 retroviruses produced lower levels of IFN-␥ and higher levels of IL-4, indicating realignment of differentiation toward the Th2 cytokine pattern ( This difference most likely reflects the fact that GATA3 is unable to induce early Th2-specific chromatin changes in the RAD50 LCR.
Conclusions
Our analysis predicts that the RAD50 3Ј region will differentially regulate IL-4 and IL-13 gene expression in Th1 and Th2 cells. LCR assays are known to be biased toward strong enhancers (23, 24, 43) , and it is likely that the LCR function of the RAD50 3Ј region (22) is primarily mediated through RAD50-B and -C, which are good candidates for Th2-specific enhancers. In Th1 cells, the same two sites are selectively H3-K9-methylated and so could have an opposing repressive effect on IL-4 and IL-13 gene transcription by recruiting HP-1 and localizing the cytokine genes to heterochromatic regions of the nucleus (44) . Alternatively, the RAD50-B HS site, which is basally present in Th2 cells but appears as an inducible HS site in Th1 cells, could be involved in acute repression of the neighboring cytokine genes in activated Th1 cells. The RAD50-A and -O HS sites could function as insulator or enhancer blocking elements, which separate the IL-4 and IL-13 cytokine promoters from the RAD50 promoter. The sites develop in both Th1 and Th2 cells, and they are located at the 5Ј end of the LCR region, away from their target cytokine genes, which are 3Ј of the LCR. This spatial relationship is similar to that of the chicken ␤-globin locus, where the insulator element, HS4, is also found 5Ј of the other HS sites in the LCR at the opposite end from the globin target genes (45) . The appearance of site RAD50-B in stimulated naïve cells is not dependent on STAT6 or IL-4 ( Fig. 4 A and B) . However, a Th2-differentiative program is required for RAD50-B to become a constitutive HS site under basal resting conditions. The inducible appearance of this site in stimulated Th1 cells may reflect activation of another STAT family member, such as STAT1 (downstream of IFN-␥). Indeed it is reported that STAT1 and STAT6 often use similar DNA-binding elements (46) .
We have shown that STAT6 and GATA3 act synergistically at widely separated regions to induce chromatin structural changes throughout the RAD50͞IL-13͞IL-4 locus (Fig. 6C ). To our knowledge, a role for STAT6 in chromatin remodeling that is independent of GATA3 has not been reported previously, and also the key regulatory region in the cytokine locus that responds to Th2-differentiative signals in a STAT6-dependent, GATA3-independent manner has not been previously identified. Although GATA3 overexpression partially bypasses the requirement for STAT6 in Th2 differentiation and chromatin remodeling near the IL-4 gene (42, 44, 47) , an additional input from STAT6 is needed for chromatin changes at the RAD50 locus and optimal IL-4 expression.
Note Added in Proof. While this manuscript was under review, Spilianakis and Flavell (48) reported on the spatial organization of chromatin in the IL-4͞IL-13͞RAD50͞IL-5 locus. By using the chromosome conformation capture assay, they showed that the RAD50 LCR is in close apposition to the promoters and other cis-regulatory regions (DNase I HS sites) of the cytokine genes in naïve, Th1, and Th2 cells, but not in fibroblasts that do not express the cytokine genes. Their results support a DNA looping model as previously suggested for the ␤-globin locus, with the surprising finding that Th1 and Th2 cells show almost identical configurations of the DNA loops that form the chromatin hub. Thus, although the gross associations between regulatory elements appear indistinguishable in Th1 vs. Th2 cells, our analyses of DNase I HS and transcription factor binding point to striking differences in the chromatin accessibility of the LCR HS sites in these two differentiated cell types.
